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Deep Arctic Ocean warming during the last
glacial cycle
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In the Arctic Ocean, the cold and relatively fresh water beneath
the sea ice is separated from the underlying warmer and saltier
Atlantic Layer by a halocline. Ongoing sea ice loss and warming
in the Arctic Ocean1–7 have demonstrated the instability of
the halocline, with implications for further sea ice loss. The
stability of the halocline through past climate variations8–10 is
unclear. Here we estimate intermediate water temperatures
over the past 50,000 years from the Mg/Ca and Sr/Ca values
of ostracods from 31 Arctic sediment cores. From about 50 to
11 kyr ago, the central Arctic Basin from 1,000 to 2,500 m was
occupied by a water mass we call Glacial Arctic Intermediate
Water. This water mass was 1–2 ◦C warmer than modern Arctic
Intermediate Water, with temperatures peaking during or just
before millennial-scale Heinrich cold events and the Younger
Dryas cold interval. We use numerical modelling to show that
the intermediate depth warming could result from the expected
decrease in the flux of fresh water to the Arctic Ocean during
glacial conditions, which would cause the halocline to deepen
and push the warm Atlantic Layer into intermediate depths.
Although not modelled, the reduced formation of cold, deep
waters due to the exposure of the Arctic continental shelf could
also contribute to the intermediate depth warming.
Our study of deep Arctic Ocean temperature variability during
the last glacial–interglacial cycle focuses on sediment cores from
Arctic submarine ridges (Lomonosov, Gakkel and Mendeleev),
Nansen and Makarov abyssal plains, Yermak Plateau and Morris
Jesup Rise, Laptev Sea Slope, Chukchi Shelf and the Iceland Plateau
in the central Nordic seas (Greenland, Norwegian and Iceland
seas; Fig. 1a and Supplementary Information).ModernArctic water
masses in these regions (Fig. 1b) consist of cold, low-salinity water
from the Polar Mixed Layer that is separated from the underlying
warm Atlantic Layer by a strong halocline. Atlantic water enters
the Arctic Basin in two branches, one through the Fram Strait
and the other through the Barents Sea11,12. The inflowing Atlantic
water is entrained with water formed along the margins to form
Arctic Intermediate Water (AIW), which lies above Eurasian and
Amerasian Basin Deep Water (Fig. 1b). The results presented here
show that the central Arctic Basin at depths occupied by today’s
AIW and upper Eurasian Basin Deep Water and Amerasian Basin
Deep Water experienced temperature variability during the last
glacial period and, to a lesser degree, the Holocene interglacial,
signifying large changes in circulation in Arctic and subarctic seas
and variability in halocline depth.
1926A US Geological Survey Reston, Virginia 20192, USA, 2Division of Earth and Ocean Sciences, Nicholas School of the Environment, Duke University,
Durham, North Carolina 27708, USA, 3Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964, USA, 4Mainz Academy of
Sciences, Humanities and Literature and GEOMAR Helmholtz Center for Ocean Research, 24148 Kiel, Germany, 5Department of Geological Sciences,
Stockholm University, 106 91 Stockholm, Sweden, 6Department of Meteorology, Stockholm University, 106 91 Stockholm, Sweden, 7Institute of Arctic and
Alpine Research, University of Colorado, Boulder, Colorado 80309, USA, 8Paleontological Institute of Russian Academy of Sciences, Profsoyuznaya ul., 123,
Moscow, 117997, Russia. †Present address: 3000 Colorado Avenue A201, Boulder, Colorado 80303, USA. *e-mail: tcronin@usgs.gov.
To reconstruct Arctic bottom water temperature (BWT),
we used Mg/Ca palaeothermometry of the deep-sea ostracod
(Crustacea) Krithe glacialis13 from cores between ∼250 and
3,500m water depth (Supplementary Fig. S3 and Methods). Both
field and laboratory studies show a temperature dependence of
Mg/Ca ratios in marine ostracods, which secrete their shells
from ambient water during the moulting process. The Arctic is
supersaturated with respect to calcite ( > 1.25) at our core
depths and there is no evidence for post-mortem shell dissolution.
Moreover, unlike some deep-sea benthic foraminifers, ostracod
Mg/Ca ratios are not influenced by a carbonate ion effect in
the Arctic and North Atlantic oceans14. In addition to the
observedMg/Ca–temperature relationship, the within-shell inverse
relationship between Mg/CaKg and Sr/CaKg found throughout the
Arctic–Nordic seas (Supplementary Fig. S3, r2 = 0.5) has also
been recognized in shells cultured in laboratory experiments15,
supporting a temperature control onmetal ratios.
The contrast between mean Mg/Ca-based temperature for
Holocene (11.7–0 kyr bp), Marine oxygen isotope stage 3 (MIS3)
Glacial Arctic Intermediate Water (GAIW; ∼25–50 kyr bp) and
the modern central Arctic is shown in Fig. 2. The highest BWTs
(∼2–4 ◦C, Mg/CaKg values∼13–20mmolmol−1) come fromMIS3
samples (blue curve, Fig. 2) concentrated at depths 1,000–2,400m
and are 1–3± 1.0 ◦C warmer (Mg/CaKg values 1–6mmolmol−1
higher) than both Holocene temperatures from the same or
nearby core sites (red curve, Fig. 2) and modern central Arctic
conductivity–temperature–depth temperatures (black curve). In
contrast, BWT values from Arctic sites below 3,000m water depth
show no discernible difference betweenMIS3 and Holocene values.
MIS3 Mg/CaKm (K. minima) values are available from fewer
intermediate depth sites, but the pattern is nonetheless similar to
that forK. glacialis (Supplementary Fig. S4).
To examine temporal variability in BWT in more detail,
composite records of Mg/CaKg, Mg/CaKrithe (both species) and
Sr/CaKrithe were constructed from 28 cores located within a
relatively small region of the central Arctic Ocean (Fig. 3). Mg/Ca
records for individual cores show the same general patterns as
the composite record, although there is regional variability in
the amplitude of the Mg/Ca oscillations (Supplementary Fig. S5).
Also plotted in Fig. 3 is the Mg/Ca curve from the Iceland
Plateau core PS1243 located at 2,710m water depth. It should
be noted that minimal sediment was deposited in the central
Arctic during the Last Glacial Maximum (LGM) owing to extensive
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Figure 1 | Core site location map. a, Map showing the location of the
sediment cores used in the palaeoceanographic reconstruction. AB,
Amundsen Basin; FS, Fram Strait; MB, Makarov Basin; MR, Mendeleev
Ridge; MJR, Morris Jesup Rise; YP, Yermak Plateau. The base map is from
IBCAO (http://www.ngdc.noaa.gov/mgg/bathymetry/arctic/).
b, Arctic–Nordic seas temperature section A to B in a from Ocean Data
View (http://odv.awi.de/). PML, Polar Mixed Layer; DW, Deep Water;
AIW, Arctic Intermediate Water. The bathymetry is approximate.
ice cover16 in contrast to the continuous sedimentation at site
PS1243. The North Greenland Ice Core Project (NGRIP) ice core
δ18O record is also shown to allow comparison with millennial
climate variability associated with Dansgaard–Oeschger (DO2–13)
and Heinrich (H1–5) events.
The central Arctic Mg/CaKg and Mg/CaKrithe curves show a
pattern of oscillating Mg/Ca values during MIS3, higher values
around the LGM–H1 interval (23–18 kyr bp), sharply decreasing
values during the last deglaciation and lower but still variable values
during the Holocene. The Sr/CaKrithe curve follows a similar pattern
but generally opposite in sign. The Iceland Plateau core PS1243
Mg/CaKrithe curve shows a first-order pattern similar to that from
the central Arctic with higher MIS3 and LGM and lower Holocene
values, suggesting a common water mass history for the Nordic
seas and Arctic Ocean.
Positive Mg/CaKrithe excursions in the central Arctic centred on
∼47, 39, 30, 24 and 18 kyr bp indicate that the temperature in
GAIW oscillated from <0 to as high as 3 ◦C during this period.
Although low Arctic sedimentation rates and radiocarbon age
uncertainty, especially before 40 kyr bp, prevent precise correlation
to Dansgaard–Oeschger and Heinrich events seen in the NGRIP
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Figure 2 |Holocene and MIS3 Mg/Ca ratios. Depth profile of late
Holocene (red) and MIS3 (blue) Mg/Ca-derived T (K. glacialis)
(T=0.438×Mg/Ca−5.14; Supplementary Figs S1 and S2). Red and blue
lines, third-order polynomial fits. Black line, modern temperature from
Amundsen Basin (ref. 29). Elevated MIS3 temperatures suggest deeper
halocline (HC) and Atlantic Intermediate Water mass at depths
1,000–2,500 m.
(∼18 and 24 kyr bp), which are well dated in Arctic sediments.
Warming during cool climate events is also indicated by the positive
excursions in the Mg/CaKg and Mg/CaKrithe during the Younger
Dryas (YD, 12.8–11.7 kyr bp) when BWT was 0.5–2 ◦C warmer
than those during the preceding Bølling–Allerød and succeeding
early Holocene warming. Smaller warming events of ∼0.5–1 ◦C
punctuated the last 11 kyr of the Holocene interglacial, including
two closely spaced excursions near the well-known 8.2 kyr bp event,
a pattern seen in high-resolution climate records17.
Intermediate depth warming events in the Norwegian–
Greenland seas have been proposed for glacial periods based
on benthic foraminiferal isotopes, warm-water benthic species
and high-productivity events18–20 from various sites. These might
be attributed to release of fresh water during Heinrich events,
the development of a strong halocline and extensive sea ice in
the Nordic seas, and reduced outflow from the Nordic seas21.
Alternative hypotheses to explain low benthic foraminiferal isotope
values, and palaeoceanographic events at least for H1 and the YD,
include freshwater inflow, sea-ice formation, weakened meridional
overturning circulation22, brine formation in the North Atlantic
and Nordic seas near the Iceland–Faroes Ridge23 and hyperpycnal
injection of sediment-rich fresh water in the subpolar North
Atlantic24. Using Mg/Ca as a temperature proxy eliminates the
ambiguity of oxygen and carbon isotope records and confirms
the periodic presence of a warm intermediate–deep water mass
throughout the central Arctic Ocean and the Nordic seas. We
cannot totally rule out brine formation or hyperpycnal flows near
the shelf-marginal regions of the Nordic seas–subpolar North
Atlantic Ocean at times during millennial-scale climate events.
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Figure 3 |Deep Arctic Ocean temperature history. a, Composite Arctic BWT (3-point smooth) from Mg/CaK.glacialis (solid line, n=618 specimens) and
Mg/CaKrithe (corrected by 0.77, n= 209; dashed line) from 28 cores from 1,000 to 3,000 m water depth. Age models 14C (Supplementary Information).
b, NGRIP ice core oxygen isotopes (5-point moving average of 20-yr sampling); GICC05 age model, ref. 30. The numbers indicate Dansgaard–Oeschger
events. c, Sr/CaKrithe composite Arctic curve (y axis reversed). d, Krithe Mg/Ca curve Iceland Plateau core PS1243-1/2, chronology updated from ref. 18.
The vertical shaded areas are H1–5, YD and LGM.
Nonetheless, the boundary conditions in the central Arctic Ocean
during MIS3 were conducive for a warm water mass to repeatedly
fill the central Arctic Basin at depths of 1,000–2,500m. These
conditions included a smaller, more restricted ocean due to lower
sea level by 50–120m, a closed Bering Strait, thick but temporally
variable sea-ice cover25 and ice shelves26, reduced convective
formation of cold deep water in the Nordic seas, and minimal brine
formation in the Arctic Ocean proper since 50 kyr bp (ref. 27). The
upper depth limit of this warmer watermass is not yet known owing
to a lack of cores from the 300 to 1,000mdepth interval.
One mechanism that might force the warmer Atlantic water
deeper in the Arctic duringMIS3 than during theHolocene involves
the formation of a deeper and thicker halocline. Freshwater influx
from rivers and wind-induced vertical mixing influence the depth
of the modern halocline and cool the Atlantic Layer during its
path along the Arctic continental slopes and ridges. However, less
freshwater influx to the Arctic Ocean is expected during the reduced
hydrological cycle of a stadial or glacial climate state, causing the
halocline to deepen. In addition, more extensive sea-ice cover
duringMIS3 than during theHolocene, a lower sea level and smaller
continental shelf area all serve to reduce the potential for formation
of cold deep water through brines. Such a situation was proposed
for MIS6 (∼140 kyr) when thick ice shelves occupied parts of the
central Arctic Ocean26.
This mechanism is supported by modelling of the impact of
freshwater influx on thermohaline circulation in a silled basin
such as the Arctic, which suggests that circulation with a salinity-
dominated stratification may have two qualitatively different
modes of operation28, (see Supplementary Information). In a
mixing-limited regime, such as the Holocene, the upper layer is
shallower than the sill, which is the Greenland–Scotland Ridge
in this case, and the flow strength decreases with increasing
density difference. In contrast, in an over-mixed regime during
a stadial-glacial climate, the upper layer extends below the sill
and the flow strength increases with density difference. The
frequent temperature oscillations shown in Fig. 3 support the
idea of two distinct kinds of circulation in the Arctic Ocean.
It should be emphasized that we cannot fully ascertain whether
the warming of the GAIW resulted from a deepening of the
halocline or from a reduced production of cold deep water as a
consequence of smaller shelf area. Regardless of the mechanism,
our results imply that the Arctic Ocean was extremely sensitive
at least indirectly to freshwater flux in high-latitude Northern
Hemisphere oceans during the last glacial and deglacial periods,
and to a lesser extent, during low-amplitude climate changes of the
Holocene interglacial.
Methods
Ostracod shells were brush-picked from the >150 µm dry fraction and assigned
a preservation index ranging from 1 (transparent) to 7 (opaque, white; ref. 15).
Shells of Arctic–Nordic species Krithe glacialis and K. minima were soaked in∼5%
NaOCl for 16–24 h to oxidize organic matter and remove adhering particles. Shells
were triple-rinsed in deionized water, inspected under a light microscope for the
remaining adhering particles and twice more rinsed with deionized water under
light sonication. The shells were then dissolved in 3–30ml of 0.05N nitric acid
and the resulting aqueous solution was analysed for Mg, Sr and Ca on a Fisons
Instruments Spectraspan 7 direct current plasma atomic emission spectrometer
at Duke University using ultrapure plasma-grade standard solutions. Analytical
precision is approximately 2% based on replicate analysis of samples and standards.
The Mg/Ca-temperature relationship for K. glacialis is based on Arctic–Nordic seas
core-top material from 50 sites (50–3,500m water depth, temperatures from−1.6◦
to 1 ◦C) and is expressed in the equation
BWT (◦C)= (0.438×Mg/CaKg)−5.14 (r2= 0.5) (ref. 14) (1)
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This calibration has a 1σ prediction error of ±1.0 ◦C (Supplementary Fig. S1;
ref. 14) and a temperature sensitivity of ∼2.3mmolmol−1 ◦C−1. This sensitivity is
nearly double that of Krithe species from the North Atlantic (temperature range of
2◦–14 ◦C; ref. 13) but similar to that from Coral Sea Krithe Mg/Ca (temperatures
2◦–6 ◦C; see Supplementary Information).
Age models for central Arctic cores are based on 199 calibrated radiocarbon
dates mostly on the planktonic foraminifers Neogloboquadrina pachyderma
discussed in Supplementary Information. The average two-standard-deviation
error on calibrated ages older than 40 kyr was ±1,648 years; for ages 39 kyr to
20 kyr,±1,003 years; and ages 20 kyr to recent±199 years.
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